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ABSTRACT

CXCR4, a G-protein-coupled receptor, which binds the chemokine stromal cell-derived factor 1 alpha
(SDF-1a, CXCL12), is one of two co-receptors most frequently used by HIV-1 to infect CD4+ lymphocytes.
The SDF-1a/CXCR4 axis is also involved in angiogenesis, in stem cell homing to bone marrow, in
rheumatoid arthritis and in cancer. Here, we directly determined the binding site of the inverse agonist
T140 on CXCR4 using photoaffinity labeling. Two T140 photoanalogs were synthesized containing the
photoreactive amino acid p-benzoyl-L-phenylalanine (Bpa) in positions 5 or 10, yielding [Bpa®]T140 and
[Bpa'®]T140. Binding experiments on HEK293 cells stably expressing the wild-type CXCR4 receptor
using '2°I-SDF-1a demonstrated that T140 and both photoanalogs had affinities in the nanomolar range,
similar to SDF-1a. Photolabeling led to the formation of specific, covalent 42 kDa T140-CXCR4
complexes. V8 protease digestion of both CXCR4/'2°I-[Bpa®]T140 and CXCR4/'?°I-[Bpa'®]T140 adducts
generated a fragment of 6 kDa suggesting that the T140 photoanalogs labeled a fragment corresponding
to Lys'>4-Glu'”® of the receptor’s 4th transmembrane domain. Further digestion of this 6 kDa fragment
with endo Asp-N led to the generation of a shorter fragment validating the photolabeled region. Our
results demonstrate that T140 interacts with residues of the fourth transmembrane domain of the
CXCRA4 receptor and provide new structural constraints enabling us to model the complex between T140

and CXCR4.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Chemokines are small proteins that act as chemoattractants for
various leukocyte subpopulations [1] as well as non-hematopoietic
cells [2]. The chemokine superfamily is divided into four groups
(CXC, CX3C, CC and C) according to the position of the first two
cysteines [3]. The CXC chemokine stromal cell-derived factor 1
alpha (SDF-1a, also known as CXCL12) triggers many cellular
processes such as leukocyte maturation and trafficking [1], stem
cell homing to bone marrow [4,5] and angiogenesis [6]. SDF-1« is
also involved in rheumatoid arthritis [ 7] and cancer [8]. The actions
of SDF-1a are mediated by CXCR4 [9], a ‘class A’ G-protein-coupled
receptor, but also through CXCR7 [10], a newly reported SDF-1a
receptor. CXCR4 is present in many types of leukocytes such as T
and B lymphocytes, monocytes, neutrophils [11] and its expression
is upregulated in different cancers including breast cancer [12].
The receptor is involved in promoting tumor metastasis [13] and
acts as a co-receptor for HIV-1 infection of CD4" T lymphocytes
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[14]. The interaction of glycoprotein gp120 of HIV-1 with the CD4
receptor and co-receptor CXCR4 (or CCR5) is a critical step in the
infection process [15].

The identification of CXCR4 as a major player in HIV-1 infection
made it a promising target for the development of new
antiretroviral drugs such as the bicyclam AMD3100 [16] and the
peptidomimetic T140 [17]. T140 is a 14-residue (Arg-Arg-Nal-Cys-
Tyr-Arg-Lys-DLys-Pro-Tyr-Arg-Cit-Cys-Arg) synthetic peptide
based on the primary structure of a polyphemusin peptide isolated
from horseshoe crab developed through structure-activity studies
by the group of Fujii [18]. T140 and analogs have inhibitory
properties towards HIV-1 infection [19], rheumatoid arthritis [20]
and the progression of metastasis in breast cancer [21]. T140 was
originally described as a CXCR4 antagonist by virtue of its capacity
to block SDF-1a binding to CXCR4. Subsequently, T140 has been
found to be a CXCR4 inverse agonist by reducing basal [3>S]GTPyS
binding to constitutively active CXCR4 receptor mutants [22].

A better understanding of the molecular basis by which T140
interacts with CXCR4 would provide new insights in the structure-
activity relationship of CXCR4 and could ultimately contribute to
the design of novel and/or improved antiretroviral or anti-cancer
compounds. Structure-function studies based on alanine scanning
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of the T140 primary sequence have shown that Arg?, Nal?, Tyr® and
Arg'* are essential for anti-HIV activity [23]. Conversely, substitu-
tion mutagenesis studies on the CXCR4 receptor have revealed the
importance of specific residues involved in binding SDF-1« [24,25]
or the HIV envelope protein gp120 [26]. Similarly, reduced binding
of ['2°1]-T140 on CXCR4 receptors mutated at selected residues
suggested that Asp'”!, Arg'®8, Tyr'®%, Gly?°” and Asp?®? may act as
key residues for the interaction of CXCR4 with T140 and were
compatible with computer simulations of the receptor-ligand
complex [27].

Here we use photoaffinity labeling to directly probe wild-type
CXCR4 in order to identify residues that interact with T140 analogs
containing the photoreactive amino acid p-benzoyl-L-phenylala-
nine (Bpa). Photoaffinity labeling using Bpa [28] has been
successful for the identification of binding sites within the
angiotensin II type-1 receptor [29,30], the urotensin Il receptor
[31], the motilin receptor [32] as well as many others. This
approach allows us to identify specific residues or regions of a
receptor interacting directly with Bpa thereby enabling direct
mapping within a given binding pocket. Here we probed the
specific interaction of 2°I-[Bpa®]T140 and !2°I-[Bpa!®|T140 with
CXCR4.

2. Materials and methods
2.1. Materials

Acrylamide, bovine serum albumin (BSA), deoxycholic acid,
polyethylenimine and puromycin were from Sigma (Oakville, ON,
Canada). Ammonium bicarbonate was from Fischer Scientific (Fair
Lawn, NJ, USA). Complete protease cocktail inhibitor, endo AspN
(endoproteinase Asp-N; EC 3.4.24.33), glycine, Nonidet P40,
Staphylococcal V8 protease (Endo Glu-C; EC 3.4.21.19) were from
Roche (Indianapolis, IN, USA). X-Omat® Blue (XB) films (Kodak),
125[_SDF-1ax (2200 Ci/mmol) were from PerkinElmer Life and
Analytical Sciences (Woodbridge, ON, Canada). DMEM (Dulbecco’s
modified Eagle’s medium), FBS (foetal bovine serum) and
penicillin/streptomycin were obtained from Gibco Life Technol-
ogies (Gaithersburg, MD, USA). Sodium dodecyl sulfate (SDS) and
sodium phosphate dibasic anhydrous (Na,HPO,) were from
Mallinckrodt Baker, Inc. (Phillipsburg, NJ, USA). HEK293 stably
expressing N-terminally HA-tagged CXCR4 was kindly provided by
Dr. Michel Bouvier (Department of Biochemistry, University of
Montreal, QC, Canada). Human SDF-1a was from PeproTech
(Rocky Hills, NJ, USA).

(A) T S S 1
T140 Arg-Arg-Nal-Cys-Tyr-Arg-Lys-D-Lys-Pro-Tyr-Arg-Cit-Cys-Arg

g T S S !
[Bpa']T140 Arg-Arg-Nal-Cys-Bpa-Arg-Lys-D-Lys-Pro-Tyr-Arg-Cit-Cys-Arg

T S S |
[Bpam]T 140 Arg-Arg-Nal-Cys-Tyr-Arg-Lys-D-Lys-Pro-Bpa-Arg-Cit-Cys-Arg

Fig. 1. (A) Amino acid sequence of T140 and T140 photoreactive analogs. Bpa residues are represented in bold. (B) Two-dimensional representation of the primary structure of

human CXCR4 receptor. Black closed circles indicate cleavage sites for V8 protease. Gray closed circles indicate cleavage sites for Endo Asp-N protease.
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Fig. 2. Binding studies on HEK293 cells stably expressing CXCR4. (A) Competition
binding using '?°I-SDF-1ac on HEK293 stably expressing CXCR4 versus
untransfected HEK293 cells. (B) Competition binding of '?°I-SDF-1« using T140
and the photoanalogs on HEK293 stably expressing CXCR4. These results (A, B) are
representative of at least 3 separate experiments. (C) Dissociation kinetics using
125[.SDF-1ac on HEK293 cells stably expressing CXCR4. These results (C) are
representative of 2 separate experiments. Competition studies with broken cells
expressing CXCR4 were carried out as described under Section 2.4. K; values were
determined using GraphPad Prism version 5.00 for Windows.

2.2. Peptide synthesis and radioiodination

T140 and Bpa-containing T140 analogs were synthesized in our
laboratories on an automatic peptide synthesis instrument
(Pioneer), using the Na-Fmoc protection strategy and TBTU (o-
Benzotriazol-1-yl-N,N,N’',N'-tetramethyluronium tetrafluorobo-
rate) as coupling agent, starting for each peptide with 0.3 g Fmoc

Table 1
Binding properties of T140 analogs.

Ligand K; Site 1 (nM) K; Site 2 (nM)
SDF-1a 04+04 31+12
T140 26+25 84+36
[Bpa®]T140 2.8+0.9 40+20
[Bpa'®]T140 1.1+08 63+8.8

HEK293 stably expressing CXCR4 were assayed as described in Section 2.4. Binding
affinities (K;) are expressed as the means 4+ SEM. These results were obtained in 3
independent experiments performed in triplicate.

Table 2

Inhibition of HIV infection by T140 and its analogs.
Ligand ICso (nM) pICso + SEM
T140 54 —7.27 +0.08
[Bpa®|T140 261 —6.58 +0.02
[Bpa'®]T140 107 —6.97+0.01

373-X4.15 reporter cells were infected with HIV-1g9¢ in the presence of the
different compounds. Data are means+SEM of two independent experiments
performed in triplicate.

Arg(Pbf)-PEG-PS resin from Novabiochem (0.22 meq/g; Gibbs-
town, NJ, USA). Side-chain functional groups of cysteine residues
were protected by trityl groups, Arginine by Pbf (2,2,4,6,7-
pentamethyldihydrobenzofuran-5-sulfonyl), Tyrosine by t-Butyl
and Lysines by Boc which were all simultaneously removed during
solid support cleavage by 92.5% aqueous trifluoroacetic acid (TFA)
containing 2.5% of ethanedithiol and 2.5% triisopropylsilane.
Disulfide bond formation was achieved by oxidation with DMSO.
The synthetic peptides were purified to homogeneity (at least 95%)
on a Cyg reverse-phase column. Each peptide was characterized by
analytical HPLC and mass spectrometry. '2°I-[Bpa®]T140 and %°I-
[Bpa'®]T140 were prepared with lodo-Gen® (1,3,4,6-tetrachloro-
3a,6a-diphenylglycoluril) from Pierce Chemical Co. (Rockford, IL,
USA) as described [33]. Briefly, 10 .l of a 1 mM peptide solution
was incubated with 5 pg of lodo-Gen®, 80 .l of 100 mM borate
buffer, pH 8.5, and 1 mCi of Na'2°I for 30 min at room temperature
(25 °C) before being purified by HPLC on a C;g column.

2.3. Cell culture

HEK293 cells were grown in DMEM containing 10 % (v/v) FBS, 100
IU/ml penicillin and 100 pg/ml streptomycin at 37 °C. HEK293
stably expressing CXCR4 were grown using puromycin (3 pg/ml) as
a selection agent. Confluent cells (95%) in 100-mm-diameter Petri
dishes were used for photoaffinity labeling and binding assays.
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Fig. 3. Photolabeling specificity of '2°I-[Bpa®]T140 or '?°I-[Bpa'®]T140.
Untransfected HEK293 cells (lanes 1, 3) and HEK293 cells stably expressing
CXCR4 (lanes 2, 4) were photolabeled using '2°I-[Bpa®|T140 (lanes 1, 2) or '2°I-
[Bpa'®]T140 (lanes 3, 4). Following photolabeling, proteins were solubilized,
denatured and submitted to SDS-PAGE on 10% acrylamide gel followed by
autoradiography. Protein standards of the indicated molecular masses (kDa) were
run in parallel. These results are representative of at least 3 separate experiments.
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2.4. Binding experiments

HEK293 cells were washed once with PBS and subjected to one
freeze-thaw cycle. Broken cells were then gently scraped in
binding buffer (50 mM Hepes, pH 7.4, 1 mM CaCl, and 5 mM
MgCl,), centrifuged at 3500 g for 15 min at 4 °C and resuspended in
binding buffer containing 0.1% BSA. For competition binding
assays, broken cells (1-10 g of protein) were incubated for 1 h at
room temperature in binding buffer with 25I-SDF-1c (0.4 nM) as a
tracer and increasing concentrations of T140 peptide analogs or
SDF-1a in a final volume of 0.5 ml. Bound radioactivity was
separated from free ligand by filtration through GF/C filters pre-
soaked for 2 h in polyethylenimine 0.2% at 4 °C and washed with
ice-cold washing buffer (50 mM Hepes, pH 7.4, 500 mM NacCl).
Receptor-bound radioactivity was evaluated by +y-radiation
counting. Specific binding was defined as the difference of binding
in the absence and presence of 1M of the corresponding
unlabeled ligand. Radioligand binding assays were collected in
triplicate and are presented as means 4+ SEM. Binding curves were
fitted using a binding model for two sites (R? = 0.9866) and K; values
were determined using GraphPad Prism version 5.00 (GraphPad
Software, San Diego, CA) using non-linear regression.

Dissociation kinetic assays were performed using '?°I-SDF-1a
(0.4 nM) in binding buffer in a final volume of 500 1. We used the
isotopic dilution method [34] to measure the dissociation rate
constant for '2°I-SDF-1a.. 1 g of broken cells stably expressing
CXCR4 were pre-incubated with '?°I-SDF-1ac for 1h at room
temperature. Dissociation was then initiated by the addition of
unlabeled SDF-1a (1 wM) in presence or absence of different
concentration of T140. Dissociation times from 2 to 120 min at
room temperature were used. To determine non-specific binding,
dissociation experiments on broken cells by pre-incubating with
125[_SDF-1ax and with 1 WM SDF-1c. Bound radioactivity was then
separated from free ligand by filtration through GF/C filters pre-
soaked for 2 h in polyethylenimine 0.2% at 4 °C and washed with
ice-cold washing buffer. Receptor-bound radioactivity was eval-
uated by <y-radiation counting.

2.5. HIV infection

Inhibition of HIV infection by T140 and Bpa-derivatives was
measured using the reporter cell line U373-X4.15 [35], and the
dualtropic HIV strain HIV-1g9 ¢ [36]. Infectious virus was produced
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from HEK293 cells transfected with HIV-1g9 proviral DNA
(obtained from the NIH AIDS Research & Reference Reagent
Program) and infection assays performed as described [24,25].
Briefly, cells were seeded in microtiter plates and cultured
overnight before incubating them with various concentrations of
compounds and HIV-1gg g for 24 h. Cells were then lysed and beta-
galactosidase content measured using the colorimetric substrate
CPRG (chlorophenolred-f3-p-galactopyranoside).

2.6. Photoaffinity labeling

Photoaffinity labeling was performed essentially as described
previously [31]. HEK293 cells stably expressing CXCR4 were
incubated for 1 h at room temperature in 0.5 ml of binding buffer
containing the photoreactive radioligand (50 nM), in the presence
(10 wM) or absence of either T140 or Bpa-containing T140 analogs.
Cells were then washed, irradiated for 1 h at 4 °C under filtered UV
light in washing buffer and centrifuged at 3500 x g for 15 min at
4 °C. The pellet was solubilized on ice for 30 min in modified
radioimmunoprecipitation buffer [m-RIPA; 50 mM Tris/HCl, pH
7.5, 150 mM NacCl, 5 mM sodium azide, 1% (v/v) nonidet P40, 0.25%
(v/v) deoxycholic acid and 0.1% (w/v) SDS] containing complete
protease inhibitor cocktail. After centrifugation at 15 000 x g for
30 min at 4 °C, the supernatants were kept at —80 °C until further
analysis.

2.7. Partial purification of the labeled complex

Photolabeled receptors were separated by SDS-PAGE using 10%
(w/v) acrylamide/Tris/glycine gels followed by autoradiography
using X-Omat®™ Blue (XB) films (Kodak). Bands corresponding to
ligand-receptor complexes were excised from the gels and
submitted to electroelution. Eluted proteins were then concen-
trated and kept at —80 °C.

2.8. Endoglycosidase and proteolytic digestions of the
radiophotolabeled complex

For endoglycosidase digestions, partially purified photolabeled
receptors (3500 cpm), were resuspended in 50 pul of digestion
buffer (200 mM potassium phosphate buffer pH 7.0, 50 mM EDTA,
0.5% Nonidet P40) and samples were incubated with 5 units of
PNGase F for 16 h at room temperature. For V8 protease digestions,

(B) T140 - - +
[Bpal¥]T140 - + -
1251 Bpal¥|T140  + + +
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Fig. 4. Photolabeling of CXCR4 in the presence of T140. HEK293 stably expressing CXCR4 were photolabeled using 2°I-[Bpa®]T140 (A). Total labeling (lane 1), labeling in the
presence of 10 uM [Bpa®]T140 (lane 2) and labeling in the presence of 10 M T140 (lane 3). HEK293 stably expressing CXCR4 were photolabeled using '?°I-[Bpa'®|T140 (B).
Total labeling (lane 1), labeling in the presence of 10 WM [Bpa!°]T140 (lane 2) and labeling in the presence of 10 M T140 (lane 3). After photolabeling, cellular proteins were
solubilized, denatured and submitted to SDS-PAGE on 10% acrylamide gel followed by autoradiography. Protein standards of the indicated molecular masses (kDa) are run in

parallel. These results are representative of at least 3 separate experiments.
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partially purified photolabeled receptors (3500 cpm) were resus-
pended in 50wl of digestion buffer (100 mM ammonium
bicarbonate buffer, pH 8.0) and incubated with 5 wg of V8
protease at room temperature for 16 h. Under these conditions, V8
protease cleaves at the C-terminal side of glutamate residues. For
endo Asp-N digestion, partially purified photolabeled receptors
(5000 c.p.m.) were resuspended in 50 pl of digestion buffer
(50 mM NaHPOy, pH 7.4, 0.01% SDS), and samples were incubated
with endo Asp-N (0.5 pg) for 16 h at room temperature. Under
these conditions, endo Asp-N cleaves at the N-terminal side of
aspartate residues. When subsequent digestions were needed,
products of the first digestion were run on a 16.5% (w/v)
acrylamide/Tris/Tricine gel, and the corresponding band was
electroeluted. Eluted proteins were concentrated and submitted
to subsequent digestion. The products of proteolysis were analyzed
by SDS-PAGE using 16.5% (w/v) acrylamide/Tris/Tricine gels,
followed by autoradiography on X-ray films (BioMax® MS) with
intensifying screens. '#C-labeled low-molecular-mass protein
standards (Amersham Biosciences) were used to determine
apparent molecular masses.

P.E. Boulais et al./Biochemical Pharmacology 78 (2009) 1382-1390

2.9. Molecular modeling

All calculations were performed on a Silicon Graphics Octane2
workstation (Silicon Graphics Inc. Mountain View, CA, U.S.A.).
Molecular modeling of the CXCR4 receptor and T140-CXCR4
receptor complex was done with the INSIGHTII suite of programs
(Homology, Discover and Biopolymer; Accelerys, San Diego, CA).
The molecular model of human CXCR4 (GenBank™ accession no.
P61073) was based on the crystal structure of opsin (pdb accession
number 3dgb) [37]. The sequence alighment between the CXCR4
receptor and the opsin sequence was used to identify and assign
the structurally conserved regions (SCRs). All the strictly conserved
residues of family A members were aligned. There were no gaps in
any of the TMDs. The coordinates of the assigned SCRs were then
transferred to the sequence of CXCR4, followed by the generation
of the intra and extracellular loops with the database found in
Homology. The potential energy of the model was minimized using
Discover as described in [31]; first by fixing all heavy atoms, then
by fixing only the backbone and, finally, by fixing the backbone of
the TMD. The disulfide bonds (between ECL1 and ECL2 and
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Fig. 5. Proteolytic cleavage of '2°I-[Bpa®]T140 and '2°I-[Bpa'®|T140 photolabeled CXCR4 with V8 protease. (A) Partially purified photolabeled CXCR4 (3500 cpm) was
incubated in absence (lanes 1, 3, 5, 7) or in presence of V8 protease (lanes 2, 4, 6, 8) (5 pg); lanes 1, 2, 5, 6 show glycosylated photolabeled CXCR4; lanes 3, 4, 7, 8 show PNGase
treated (deglycosylated) photolabeled CXCR4. Lanes 1-4: '2°I-[Bpa®|T140 photolabeled CXCR4. Lanes 5-8: '2°I-[Bpa!°]T140 photolabeled CXCR4. Samples were run on a
16.5% Tris/Tricine acrylamide gel followed by autoradiography. '“C-labeled protein standards of the indicated molecular masses (kDa) were run in parallel. These results are
representative of at least three separate experiments. (B) Two-dimensional representation of the primary structure of human CXCR4 receptor cleaved by V8 protease.
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between N-terminal and ECL3) were then added to CXCR4 and the
potential energy was minimized again by fixing all heavy atoms
besides the concerned loops and the N-terminus, which were left
unrestrained.

2.10. Generation of liganded receptor structures by molecular
modeling

The T140 ligand was constructed with INSIGHTII BUILDER
based on the reported NMR solution structure of T140 [38] and the
molecule was placed in CXCR4’s binding pocket with Tyr® and
Tyr'® facing towards TM4, as suggested by the photolabeling
results. For the minimization process, CXCR4’s TMD were fixed and
the T140 ligand was left completely unrestrained. The complex
was minimized until the maximum derivative was less than
0.1 kcal/mol.

3. Results
3.1. Binding specificity of the photoreactive analogs

Fig. 1 shows the primary structure of T140 and the photo-
reactive analogs used in the present study (Fig. 1A) as well as the
CXCR4 receptor (Fig. 1B). Tyr” and Tyr'® were respectively replaced
by Bpa to give [Bpa®]T140 and [Bpa'®]T140. We validated our
HEK293 cells stably expressing CXCR4 by competition binding
assays. Fig. 2A shows that we found a 2.5-fold increase in total
specific 2°I-SDF-1a binding on HEK293 stably expressing CXCR4
as compared to untransfected HEK293 cells. Binding of SDF-1a to
untransfected HEK293 cells is due to the presence of trace
endogenous CXCR4 receptors as previously reported [39]. Dis-
placement binding of '2°I-SDF-1a with unlabeled SDF-1a showed
a dose dependant fit for a two site model (R?=0.9866) as
previously observed in transfected HEK293T cells [40] and in
Jurkat cells endogenously expressing CXCR4 [41]. The SDF-1a high
affinity site for CXCR4 has a K; value of 0.4 + 0.4 nM, while the low
affinity site has a K; of 31 + 12 nM (Fig. 2A, Table 1). In competitive
binding assays, the photoanalogs [Bpa®]T140 and [Bpa!°]T140
(Fig. 2B) exhibited K; values of 2.8 +09nM and 1.1 +£0.8nM
respectively for the high affinity site of '?°I-SDF-1ac on CXCR4
compared to 2.6 +2.5nM for T140. For the low affinity site,
[Bpa®]T140 and [Bpa'®]T140 showed K; values of 40 +20nM and
63 + 8.8 nM respectively compared to 84 4 36 nM for T140. Similar K;
values between T140 and the photoanalogs confirmed that substitu-
tion of Tyr® and Tyr'® with Bpa did not alter their affinity for CXCR4.

To assess whether T140 bound CXCR4’s orthosteric site, we
performed dissociation kinetics experiments using '?’I-SDF-1a in
absence or presence of 1 uM or 10 WM of T140 (Fig. 2C). Dissociation
kinetic measurements are used to detect conformational changes
induced by an allosteric compound that usually slows the
dissociation of the orthosteric ligand [34]. The dissociation curves
revealed no significant changes in the dissociation rate whether
T140 was absent (K=0.029 + 0.0043 min~!) or present at either
1 WM (K = 0.034 + 0.0063 min~')or 10 uM (K = 0.033 + 0.011 min ™).
This suggests that T140 binds within CXCR4’s orthosteric binding
pocket.

3.2. HIV infection blockade by T140 photoanalogs

To further assess the functionality of the T140 photoanalogs, we
determined their potency at inhibiting HIV infection (Table 2).
While the observed ICsq of T140 in our conditions was 54 nM,
similar to previously reported values (26 nM in [19], 90 nM in
[42]), both photoanalogs had reduced ICsos of 261 nM and 107 nM
for [Bpa®|T140 and [Bpa!®]T140 respectively, maintaining their
capacity at blocking HIV infection albeit at lower potencies.

3.3. Photolabeling of human CXCR4 receptor

Since good affinities towards CXCR4 had been observed for both
photoanalogs, '?°I-[Bpa®]T140 and '2°I-[Bpa'®]T140 were subse-
quently used in photolabeling experiments. When incubated with
membranes of HEK293 cells stably expressing CXCR4, both
photoanalogs covalently labeled a protein migrating at 42 kDa
on SDS-PAGE. However a significantly reduced labeling yield was
observed for !2°I-[Bpa®]T140 compared to '2°I-[Bpa!'°]T140
(Fig. 3). This 42 kDa band was not observed in untransfected
HEK293 confirming the identity of the labeled protein as CXCR4.
Although we did find CXCR4-dependent SDF-1a binding in
untransfected cells, it is possible that photolabeling conditions
are not as sensitive as -y-radiation counting and do not permit
detection of trace endogenous CXCR4. The labeling of CXCR4 by
1251_[Bpa®]T140 and '?°I-[Bpa!®]T140 was abolished in presence of
[Bpa®]T140 (10 wM) and [Bpa!®JT140 (10 wM) respectively,
thereby confirming the specificity of the labeling (Fig. 4). Photo-
labeling of CXCR4 with both photoanalogs was also abolished in
presence of native T140 (10 wM) in agreement with the fact that
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Fig. 6. Proteolytic cleavage of '2°I-[Bpa®]T140 and '?°I-[Bpa!°]T140 photolabeled
fragment Lys'>*-Glu'”® of CXCR4 with Endo Asp-N. (A) Partially purified
photolabeled fragment Lys'>4-Glu'”® of CXCR4 (3500 cpm) was incubated in
absence (lanes 1, 3) or in the presence of Endo Asp-N (lanes 2, 4) (5 ng). Lanes 1-2:
1251_[Bpa®]T140 photolabeled Lys'>*-Glu'”® fragment. Lanes 3-4: '2°I-[Bpa!®]T140
photolabeled fragment Lys!>4-Glu!”®. Samples were run on a 16.5% Tris/Tricine
acrylamide gel followed by autoradiography. '“C-labeled protein standards of the
indicated molecular masses (kDa) were run in parallel. These results are
representative of at least three separate experiments. (B) Two-dimensional
representation of the Lys'>*-Glu'”® fragment of CXCR4 cleaved by Endo Asp-N.
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the photoanalogs interact within the same confines of T140’s
binding pocket.

3.4. V8 protease digestion of '?°I-[Bpa’]T140/CXCR4 and '*°I-
[Bpa'®]T140/CXCR4 complexes

To map the ligand-receptor contact site(s), the 42 kDa
photoligand-receptor complex was partially purified and sub-
mitted to V8 protease digestion which cleaves on the C-terminal
side of glutamate residues. This digestion produced a band
migrating at 6.5 kDa for both '2°I-[Bpa®|T140/CXCR4 and '2°I-
[Bpa'®]T140/CXCR4 complexes. The partially purified complex was
also submitted to PNGase F and further treatment with V8 protease
also generated a 6.5 kDa band (Fig. 5) suggesting the absence of N-
glycosylation on this fragment. The only fragment corresponding
to this molecular weight was one encompassing Lys!>*-Glu'”® of
the receptor’s fourth transmembrane domain with a calculated
mass of 3.0kDa in addition to the mass of the photoligand
(3.5 kDa) as observed on SDS-PAGE gel (Fig. 5).

3.5. Endo AspN protease digestion of fragment Lys'>*-Glu™"°
To further refine the binding site(s) of the photoanalogs, we

partially purified the Lys!>*-Glu'”® fragment obtained previously
by V8 protease digestion of the native complex and digested it with

(A) (B)

endo AspN protease, which cleaves on the N-terminal side of
aspartate residues. The Lys'>*-Glu'”® fragment has a single Asp
residue in its sequence (Asp'’!), resulting in two possible
fragments: Lys'>*-Pro'’® (1.9 kDa) and Asp'”'-Glu'”® (1.0 kDa).
Endo AspN digestion led to the cleavage of the Lys'>-Glu!”®
fragment validating that photolabeling site(s) of both photoana-
logs occurred in this region of the receptor (Fig. 6). However, the
limited resolution of the SDS-PAGE conditions under which we
separate the photolabeled fragments did not enable us to delineate
whether labeling occurred in a fragment corresponding to residues
Lys'>4-Pro'”° or Asp!”'-Glu'”® for both photoanalogs.

3.6. Molecular modeling of the CXCR4-T140 complex

To extend the analysis of the T140 binding site on CXCR4, we
performed molecular modeling using the reported NMR solution
structure of T140 [38]. This structure consists of a [3-hairpin with a
type I B-turn with residues Tyr° and Tyr'® on the same side of the
T140 B-hairpin (see Fig. 7A). Since both photoanalogs labeled the
same region of CXCR4 (i.e. the Lys'>*-Glu!”® fragment within TM4),
it is reasonable to assume that this side of T140 lies in close
proximity to the Lys'>4-Glu!”® region of the receptor. Whereas our
results indicate that both Tyr® and Tyr'® can contact residues from
Leu'® to Glu'”®, it does not allow us to determine the exact
orientation of T140 in the complex. However, considering that

Fig. 7. Molecular model of the T140 liganded CXCR4. (A) NMR structure of T140 [38]. Note that Tyr> and Tyr'° are on the same face of the disufide-linked B-hairpin. (B) Tyr®
and Tyr!'? (yellow) of T140 are positioned to form specific H-bonds with Asp'”! (green) of CXCR4. (C) Global view of the model of the complex between T140 and CXCR4
(green) with an emphasis on key interactions of T140 (indicated in black) with key residues (indicated in blue) on CXCR4. See text for further details.
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T140 is positively charged both above and below the disulfide
bond, we hypothesized that the N- and C-terminal ends of T140
will be oriented towards the extracellular domains of CXCR4 with
the type II' 3-turn buried deep into the binding pocket. Thus, T140
would insert itself in the CXCR4 orthosteric binding pocket as a U-
shaped ligand with residues 5 and 10 interacting with TM4.

4. Discussion

The identification of residues involved in formation of a
receptor’s binding pocket is an important step in understanding
the bimolecular recognition between a ligand and its receptor. In
this study, we used photoaffinity labeling as a strategy to identify
CXCR4 residues found in close proximity to the inverse agonist
T140. This approach depends on the spatial proximity between the
photoligand and the receptor’s residues that are oriented towards
the binding pocket in order to form a covalent conjugate that can
be further analyzed biochemically for the identification of
interaction sites.

Previous reports on the structure-activity of T140 had shown
that replacing either Arg?, Nal3, Tyr® and Arg!“ with alanine caused
a significant decrease in the anti-HIV activity of T140 [23].
However, the overall binding properties of these analogs on CXCR4
had not been assessed. To facilitate production of photoanalogs
incorporating a radioactive, iodinated Tyr residue, we substituted
either Tyr at position 5 or position 10 of the original T140 sequence
with the photoreactive Bpa amino acid. The resulting T140
photoligands as well as T140 and SDF-1« presented high affinities
(Table 1) for the orthosteric pocket of the CXCR4 receptor as
defined by binding and dissociation kinetic experiments. T140 and
the photoanalogs also exhibited antiviral activity in HIV-1
infection assays. These results suggest that the Bpa substitutions
of Tyr® and Tyr'° did not alter the properties of native T140, making
them functional candidates for the identification of the T140
binding pocket on CXCRA4.

We further characterized these peptides for their ability to
recognize and to label the CXCR4 receptor. '?°I-[Bpa®]T140 and
1251_|Bpa!®|T140 both labeled CXCR4 and the resulting complex
migrates at 42 kDa. 2°I-[Bpa®]T140 showed reduced labeling of
CXCR4 compared to '2°I-[Bpa'®|T140 although both analogs
exhibited similar affinities. The reduced CXCR4 labeling by '2°I-
[Bpa®]T140 compared to '2°I-[Bpa!®]T140 is due to the photo-
labeling reaction that is itself highly dependent on the proximity of
residues surrounding Bpa which may influence the photolabeling
yield. Residues influencing the photolabeling yield of a receptor
without affecting the affinity of the photoanalog have been
demonstrated for other receptors [43].

Labeling of CXCR4 by 2°I-[Bpa®]T140 and '2°I-[Bpa'°]T140 was
completely abolished by the presence of unlabeled photoanalogs
and with native T140 suggesting that the photoanalogs are specific
for the T140 binding site. Using PNGase F and V8 protease
digestions, a 6.5 kDa fragment corresponding to Asn'>*-Glu!”® was
labeled with either '2°I-[Bpa®]T140 or '2°I-[Bpa!®]T140. Further
digestion of this fragment with endo Asp-N, cleaved at Asp'”!
thereby confirming that both T140 photoanalogs were labeling this
region. This suggests that specific TM4 residues of CXCR4 are in
close proximity to residues 5 and 10 of T140.

Using site-directed mutagenesis, the potential involvement of
CXCR4’s TM4 in T140 binding and in mediating human immuno-
deficiency virus entry have been reported [27]. Substituting Asp'”!
of TM4 as well as Arg'®8 and Tyr!'°° of ECL2 for alanine led to a loss
of sensitivity to T140 inhibition of Env-mediated fusion. Binding
experiments confirmed that these residues were critical for T140
binding to CXCR4. Using these results to perform molecular
modeling it was suggested that the N-terminus of T140 interacted
with ECL2 of CXCR4 while the C-terminus was interacting with

TM4, ECL2 and ECL3. The authors proposed that Arg!'* of T140
forms a hydrogen bond with Asp'”! of CXCR4, while Phe!”*, Arg!%8,
Tyr'®% and Phe?°! of CXCR4 are involved in a hydrophobic network
with Nal® and Tyr® of T140. This led to a model in which the two
beta strands of T140 positioned perpendicular to the TMs, with the
N-terminal strand lying on top of the C-terminal strand and with
the type II' B-turn extending away from the binding pocket.

In our model, we find that restraining the position of Tyr> and
Tyr'° 0of T140 close to residues Leu!>* to Glu'”® of CXCR4 during the
potential energy minimization leads to the formation of H-bonds
(internal solvation) between the two side-chain "OH and the
carboxylate of Asp'”! (Fig. 7B). This locks the two beta strands of
T140 parallel to the TMs. In addition, we find that Arg!, Arg® and
Arg!! of T140 forms an extensive number of favorable electrostatic
interactions and H-bonds with two other conserved negatively
charged side-chains, Asp?®? and Glu?3® (Fig. 7C and Table S1 in
supplementary material). This is in agreement with a thermo-
dynamically stable configuration of this complex. Moreover,
Asp'”!, Asp?®2 and Glu?®8 have been identified as key residues
in CXCR4 co-receptor function in HIV-1 entry [24]. Hence, these
results support the notion that these interactions are critical for the
formation of a stable complex between CXCR4 and T140. Similarly
to the model proposed by Trent et al. [27], contact sites between
T140 and CXCR4 that we experimentally determined lead to a
model where Tyr'?° is involved in a hydrophobic network with
Nal®. Note that Arg'®® is also part of this hydrophobic network
through its methylenes and forms a salt-bridge with the terminal
carboxylate of T140. We also observe the existence of a network of
additional solvent exposed salt bridges between negatively
charged side-chains of acidic residues found in ECL2 and Arg'
and Arg'* of T140 (see Fig. 7C and Table S1 in supplementary
material). In summary, we find that the complex between T140
and CXCR4 depicts an optimized array of electrostatic interactions
and H-Bonds. Such an array of interactions is the hallmark of
molecular recognition. Finally, it is noteworthy that the residues on
CXCR4 found to be critical for T140 inhibition of Env-mediated
fusion are involved in an array of specific interactions in our model.
Knowingly, it can be argued that this functional analysis of the
T140-CXCR4 interactions adequately supports our model based on
direct contacts obtained by photolabeling.

In conclusion, our results offer a novel view and interpretation
of the T140 binding site and its interactions with CXCR4. Indeed,
using photoaffinity labeling, we demonstrate interaction of Tyr>
and Tyr'® of T140 with a precise domain in TM4 of CXCR4. Our
overall view of this interaction takes the form of a U-shaped T140
ligand inserting itself deeper in CXCR4’s binding pocket than
previous models depicted, suggesting a new interpretation of the
key residues involved in the binding of anti-HIV compounds like
T140.
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